This paper examines the determinants of environmental performance at paper mills, measured by air pollution emissions per unit of output. We consider differences across plants in air pollution abatement expenditures, local regulatory stringency, and productive efficiency. Emissions are significantly lower in plants with a larger air pollution abatement capital stock: a 10 percent increase in abatement capital stock appears to reduce emissions by 6.9 percent. This translates into a sizable social return: one dollar of abatement capital stock is estimated to provide an annual social return of about 75 cents in pollution reduction benefits. Local regulatory stringency and productive efficiency also matter: plants in non-attainment counties have 43 percent lower emissions and plants with 10 percent higher productivity have 2.5 percent lower emissions. For pollution abatement operating costs we find (puzzlingly) positive, but always insignificant, coefficients.
INTRODUCTION
The past 30 years have seen significant improvements in US environmental quality, driven in large part by reductions in industrial emissions. This paper examines the determinants of environmental performance by plants in the pulp and paper industry, where performance is measured as air pollution emissions -particulates and sulfur dioxide -per unit of output. We relate differences in air pollution emissions across plants to differences in the plant's air pollution abatement expenditures, local regulatory stringency, and productive efficiency. The results indicate some role for each of these factors in determining a plant's air pollution emissions, although their relative importance differs across different pollutants.
Much of the empirical research on the impact of environmental regulation has concentrated on the impact of reported pollution abatement costs on productivity. Denison (1979) used growth accounting to calculate the expected impact of regulation on productivity. Gray (1986 Gray ( ,1987 compared all manufacturing industries and found that high-abatement-cost industries had a bigger productivity slowdown in the 1970s. Gray and Shadbegian (2002,2003b) found that plants with higher abatement costs had lower productivity levels, though Berman and Bui (2001) found little impact of abatement costs on productivity for oil refineries.
1 Looking at the determinants of abatement costs, Shadbegian, et. al. (2000) find that paper mills with greater benefits per unit of pollution spend more on pollution abatement.
Past studies of environmental performance have tended to focus on the effectiveness of EPA enforcement in terms of increasing compliance or reducing emissions. Three studies find that plants receiving more air pollution inspections and enforcement actions perform better: Gray and Deily (1996) find increases in compliance at steel mills; Nadeau (1997) finds reductions in the length of spells of non-compliance, and Gray and Shadbegian (2003a) find increases in compliance at pulp and paper mills. Looking at the impact of water pollution enforcement activity, Magat and Viscusi (1990) find reductions in both BOD discharges and the probability of noncompliance at US pulp and paper mills, while Laplante and Rilstone (1996) find that both actual inspections and the threat of an inspection reduce BOD and TSS discharges at Canadian pulp and paper mills. Looking at an alternative indicator of the stringency of air pollution regulations, Henderson (1996) finds a significant impact of county non-attainment status on peak ambient concentrations of air pollutants.
We use confidential annual plant-level Census data from the Longitudinal Research Database (LRD) to develop a database for 68 U.S. paper mills. We have used this sample of plants in earlier papers, studying the impact of environmental regulation on plant-level investment in Gray and Shadbegian (1998) . Here, we find effects of productivity and abatement capital on emissions. Using the LRD, we can identify each plant's production, investment, productivity, age, and production technology in 1985. We have plant-level air pollution abatement capital investments from the Pollution Abatement Costs and Expenditures (PACE) survey, which allows us to create an air pollution abatement capital stock for each plant. To the Census data we add plant-level air pollution emissions information from various EPA datasets in the 1980s for both particulate and sulfur dioxide emissions. Because our emissions data do not contain much within-plant variation, we focus on 1985 emissions. We also add characteristics of the plant's production technology, taken from the Lockwood Directory, and measures of local regulatory stringency faced by the plant.
Our basic analysis finds that aggregate emissions per unit of output (a weighted average of particulates and sulfur dioxide) are significantly lower in plants with a larger air pollution abatement capital stock. The PACE survey has been criticized for asking difficult or confusing questions, but our results suggest that PACE data does reflect abatement-related activity: a plant with 10 percent more pollution abatement capital has 6.9 percent lower emissions per unit of output. The results are quite similar when we study the pollutants separately: 6.1 percent for particulates and 7.3 percent for sulfur dioxide. Translating the impact on total emissions into dollars suggests a sizable social return: one dollar of abatement capital stock is estimated to provide an annual return of 75 cents in pollution reduction benefits, though the size of these benefits depends heavily on existing estimates of the mortality effects of air pollution.
Emissions also tend to be lower at more efficient plants, with a 10 percent higher productivity level being associated with 2.5 percent lower emissions per unit of output. This indicates that productive efficiency and pollution abatement efficiency are complements, with better managers being better at both production and abatement (rather than substitutes, with managers concentrating on productive efficiency at the expense of their abatement performance). A plant's productivity affects its emissions of both pollutants, with slightly more of an impact on sulfur dioxide than on particulates. Similar results are observed using a seemingly unrelated regression model to test for a relationship between emissions and productivity: plants with unexpectedly high productivity tend to have lower emissions of both of the pollutants. In addition, we find that plants with unexpectedly high emissions per unit of output on one pollutant tend to have higher emissions of the other pollutant.
We find some influence for regulatory pressures on performance. Plants facing the more stringent regulation required in non-attainment counties have lower emissions of both pollutants, but this is only significant for particulates. This is what the regulations are supposed to accomplish, but our results could have gone the other way if counties were driven into nonattainment status by lax local regulators that permitted greater emissions. Having newer or more advanced equipment in a plant, proxied by the age or speed of its paper machines, or being owned by a multi-plant firm, tends to reduce overall emissions as expected, but not significantly. Air pollution abatement operating costs show unexpectedly positive (though always insignificant) coefficients, especially when both capital and operating costs are included in the regression. On the other hand, the abatement capital stock coefficient gets more negative when operating costs are included. This suggests that emissions reductions in the mid-1980s were usually achieved by installing more abatement capital, or that plants with higher pollution abatement operating costs are not using their resources efficiently.
Section 2 provides some information about the generation and regulation of air pollution in the paper industry. Section 3 presents a brief model of the determinants of pollution emissions, in conjunction with a plant's productivity and technology. Section 4 describes the data used in the analysis. Section 5 provides the results, and section 6 concludes the paper.
AIR POLLUTION IN THE PAPER INDUSTRY
Pulp and paper mills are major sources of both air and water pollution. The key distinction for production technology among paper mills is whether or not the plant begins the paper-making process with a pulping stage or not. Pulping plants begin the process with trees, separating out the wood fibers by a variety of chemical and mechanical methods. Non-pulping mills can begin with purchased pulp, or with recycled paper to provide the fibers for the paper. During the paper-making stage, a combination of fiber and water is set on a wire mesh and passed through several sets of steam-heated dryers to dry into paper.
Air pollution is generated primarily during the pulping process. Most pulping mills incorporate large boilers, either power boilers to generate energy for the pulping process and steam for the paper-making dryers, or recovery boilers to recycle chemicals in some pulping techniques. Pulping mills have a convenient supply of fuel, the remaining parts of the trees after the wood fiber is extracted, and co-generation plants are common, with boilers generating highpressure steam to run electric power turbines. The resulting low-pressure steam is used in the paper-making dryers. Non-pulping mills are more likely to purchase their energy inputs or use small boilers to provide needed energy and steam. The paper-making process can produce some air pollution, as some paper is chemically treated to produce smoother surfaces, but this is definitely less serious than the air pollution created by pulping.
This study covers air pollution emissions in 1985. At this time, air pollution in the U.S. was regulated by the 1977 amendments to the 1970 Clean Air Act. Each year, U.S. counties are designated as 'attainment' (meeting ambient air quality standards) or 'non-attainment' (violating ambient air quality standards) for each of several criteria pollutants. Plants located in nonattainment counties are supposed to face substantially more stringent regulation than those in attainment counties, with limitations on new plant openings and modifications of existing plants. These regulatory pressures can come from both state environmental agencies and the federal EPA, which oversees activity in non-attainment areas more closely. On the other hand, it's possible that non-attainment status in some counties could be due to regulators being more lax in enforcing regulations there, in which case emissions could be higher in those non-attainment counties. States can also differ in regulatory stringency: having greater political support for environmental issues within the state should result in stricter regulation and lower emissions.
An important feature of the regulatory process is the grandfathering of existing plants. For the most part, existing manufacturing plants were not subject to regulations as stringent as those applied to new facilities. This is at least partly justified by the extreme difficulty in retrofitting existing facilities, designed before pollution control was a major priority. For example, reducing air pollution emissions can involve capturing vapors from the production process and burning them in a recovery boiler; in one older mill this required installing hundreds of yards of extra piping because the recovery boiler was located in a distant building. Thus older production facilities are likely to have higher emissions for two reasons: they face less regulatory pressure and pollution abatement is more difficult for them. As facilities are updated and rebuilt with newer equipment, some of these drawbacks of being older may be reduced, as the new equipment is likely to incorporate some pollution-reducing characteristics. Updating an existing facility can also bring the plant under closer scrutiny by regulators, as some facility renovations lead the facility to be treated as if it were a 'new' source.
DETERMINANTS OF ENVIRONMENTAL PERFORMANCE
We measure the environmental performance of a paper mill by its emissions of particulate matter (PMEMIT) and sulfur dioxide (SO2EMIT), measured per unit of output. To describe how different factors affect emissions we separate the factors into two groups: one set of factors influencing the amount of 'uncontrolled' emissions from the plant, EMITX(), and a second set of factors influencing the fraction of pollution that the plant abates before it reaches the environment, ABATE(). These factors need not be mutually exclusive (though we treat them as such when we describe the model), and we actually estimate a single regression equation containing all the variables expressed in log form:
(1) EMIT = EMITX(SHIP, PRODCAP, PULP, PMAGE, PMSPEED) * [1 -ABATE(AIRCAP, AIRPAOC, NONATTAIN, VOTE, TFP, MULTIPLANT)].
Consider the first set of factors, those affecting uncontrolled emissions (EMITX), in more detail. If the pollution generating process has constant returns, so that doubling a plant's output (SHIP) doubles its pollution, then (because we are measuring emissions relative to output) we should expect a zero coefficient on SHIP. Economies of scale in air pollution abatement could be reflected by having SHIP also enter the ABATE() portion of the equation. In this case, the coefficient on SHIP in our regression would be negative.
Plants with more production capital (PRODCAP, also measured relative to plant output) are likely to generate more air pollution. This occurs because most air pollution arises from burning fossil fuels for energy. Capital-intensive plants require more energy to operate than labor-intensive ones, with larger power boilers and more air pollution. A key element of paper mill technology is whether or not the plant incorporates a pulping process (PULP), with pulping mills having substantially higher energy requirements and hence greater air pollution emissions.
The characteristics of a plant's productive capital are also likely to affect emissions, with newer equipment more likely to incorporate features designed to reduce emissions. We don't have direct measures for all of a plant's capital, but do have two measures for the paper machines in use at the plant: their average age (PMAGE) and their average speed (PMSPEED). Plants using older and slower paper machines are likely to have less advanced production equipment overall, and hence have greater emissions (or less abatement). Now consider the second set of factors, the determinants of air pollution abatement. A key element affecting the ability of the firm to reduce air pollution is the plant's level of air pollution abatement capital (AIRCAP, also measured relative to plant output). During the 1970s and 1980s, most of the abatement of air pollution was done with large capital equipment: scrubbers and precipitators connected to smokestacks, called 'end-of-line' pollution abatement, which are likely to be relatively well-measured by the PACE survey.
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In addition to capital expenditures, air pollution abatement operating costs (AIRPAOC, measured relative to shipments) may play an important role. Without proper maintenance and operation, pollution control equipment may fail to operate as designed. There may also be areas where labor (e.g. more workers to check for and fix process failures) may be substitutable for capital in air pollution abatement. Thus we would expect AIRPAOC, like AIRCAP, to be associated with greater abatement efficiency and lower emissions.
We expect regulatory pressures to influence the extent of pollution abatement at a plant. As noted earlier, the main indicator of the air pollution regulatory stringency faced by a plant is the attainment status of the county in which the plant is located, NONATTAIN. State-level support for regulation is proxied by the pro-environment voting of the state's Congressional delegation (VOTE). We expect both NONATTAIN and VOTE to have negative coefficients in our regressions, as stricter regulations lead to greater abatement and less emissions.
Stringent regulation could simply lead plants to spend more on AIRCAP and AIRPAOC, with no additional impacts of NONATTAIN and VOTE on emissions. We do anticipate additional impacts, both because we expect AIRCAP and AIRPAOC to be imperfect measures of the plant's actual abatement efforts (leaving part of the plant's abatement efforts to be captured by the stringency variables), and because greater regulatory pressures should reduce the extent of inefficiency in the plant's allocation of resources to pollution abatement, increasing the actual degree of abatement achieved per dollar of abatement spending.
Finally, we consider the possibility that plants differ in their overall pollution abatement efficiency levels, due either to greater firm-level expertise in dealing with environmental regulation or to greater plant-level productive efficiency. To measure firm-level expertise we include MULTIPLANT, measuring whether the plant is owned by a firm with ten or more paper mills. To measure plant-level efficiency we use the plant's total factor productivity level, TFP. One might expect higher TFP to be associated with increased abatement efficiency, since higher TFP indicates that the plant uses less inputs per unit of output and therefore should be producing less waste. This need not always be true, however: if some managers concentrate on regulatory issues, while others concentrate on production issues, the two types of efficiency should be substitutes rather than complements. In such a case, achieving higher productivity by cutting corners and speeding up the production process would increase emissions, through more frequent accidental releases.
DATA DESCRIPTION
Our research was carried out at the Census Bureau's Boston Research Data Center, where we can access confidential Census databases developed by the Census's Center for Economic Studies. The principal source for our sample of plants is the Longitudinal Research Database (LRD). The LRD contains annual information on a large sample of individual manufacturing plants from the Census of Manufactures and Annual Survey of Manufacturers over time (for a more detailed description of the LRD data, see McGuckin and Pascoe (1988) ). The LRD includes data on each plant's real inventory-adjusted shipments (SHIP), labor, materials, and investment spending. From the LRD data we can calculate a productivity index, TFP, for each plant.
4 Using LRD data we also calculate a measure of the plant's total capital stock, TOTCAP, based on a standard perpetual inventory calculation. Finally, detailed information on plant outputs and inputs from the LRD allows us to construct a PULP dummy (indicating that the plant begins its papermaking with raw wood).
We combine the LRD data with another plant-level Census data source: the Pollution Abatement Costs and Expenditures (PACE) survey, conducted annually by the Census Bureau. The PACE questionnaire is sent to a subset of firms in the Annual Survey of Manufactures, oversampling high-pollution plants such as paper mills. In prior research we have used both a sample of 116 plants with some PACE data during the 1979-1990 period, and a subsample with 68 plants with complete pollution abatement investment data from 1979-1990. Here we focus on the 68 plant dataset, since we wish to include data on the accumulated stock of pollution abatement capital.
Using the PACE data, we calculate the stock of total pollution abatement capital (POLCAP) and air pollution abatement capital (AIRCAP) in place at each plant over time.
5 The 'productive' capital stock of the plant, PRODCAP, is calculated as the difference between TOTCAP and POLCAP. The PACE survey also distinguishes between end-of-line investment and change-in-process investment spending. Finally, the PACE survey contains information on air pollution abatement operating costs (AIRPAOC), which is also tested to see whether it is related to the plant's air pollution emissions. We also use PAOCFRAC, the plant's total pollution abatement operating costs as a fraction of its peak capacity (an average of the highest two years of shipments) in the analysis, as an explanatory variable possibly affecting the plant's productivity (PAOCFRAC was found to be significantly negatively related to TFP levels in Gray and Shadbegian, 2002, 2003b) .
We combine the LRD and PACE data with two other plant-level information sources: the Lockwood Directory and various EPA air pollution datasets. The Lockwood Directory is an annual listing of pulp and paper mills, from which we extracted several pieces of information about the plants' production technology. The Lockwood Directory includes information on the production technology being used at each mill: PMAGE and PMSPEED are the mean age and operating speed of each paper machine in operation at the mill.
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To control for possible advantages to firms with more expertise in this industry, we include a MULTIPLANT dummy, indicating that the firm owns 10 or more pulp and paper mills, based on plant ownership data from the Lockwood Directory.
In addition to the plant-level data, we use two measures of the regulatory stringency faced by the plant. The stringency of each state's pollution abatement effort is proxied by VOTE, the League of Conservation Voters' pro-environment voting score for the state's Congressional delegation during each congressional session. In prior research, VOTE was found to be significantly related to manufacturing plant location decisions (Gray, 1997) and investment decisions (Gray and Shadbegian, 1998) .
A measure of local regulatory stringency specific to air pollution is NONATTAIN, a dummy variable indicating whether the plant is located in a county that failed to attain the ambient air quality standards for particulates or sulfur dioxide in 1985. The attainment status of each county is published annually in the Federal Register.
7 For the paper mills in our sample, non-attainment status is nearly always due to excessive particulates; sulfur dioxide nonattainment is much less common. The key dependent variable for our analyses, the plant's air pollution emissions, comes from various EPA regulatory datasets which span the 1980s. For most of the plants in our dataset we are able to use emissions information from the 1985 National Emissions Data System (NEDS). For plants without 1985 NEDS data, we look for the closest available year of data from the Compliance Data System (CDS), the 1980 NEDS data, and the Aerometric Information Retrieval System (AIRS). We should note that relatively few emissions reports are based on an actual measurement of emissions; most emission reports are based on calculated emissions or engineering estimates, based on the capacity of the production process times the expected emissions per unit of capacity times the design efficiency of the installed pollution control equipment.
9 This number is less likely to provide changes over time than would a continuouslymeasured stream of data on actual emissions for each pollutant. This is the main reason why we perform our analysis with cross-sectional rather than panel data.
The emissions data is provided separately for the major criteria air pollutants. Our analysis focuses on particulate matter (PM) and sulfur dioxide (SO2), since they are most commonly reported and were the major focus of air pollution regulation for this industry during 6 PMAGE is reported only in the 1979 Lockwood-Post Directory. PMSPEED is reported in each issue of the Lockwood Directory (although the reported values do not change very often). Each variable is weighted by the width of the paper machine as a rough proxy for its importance in overall plant output when we calculate the plant-average value for 1985. In cases where no PMSPEED or PMAGE data is available for a particular plant (roughly 40% of plants for PMSPEED and 60% for PMAGE), the missing values are filled in (with average industry value for PMSPEED and with a regression based on the age of the entire paper mill, respectively). A dummy variable for imputed information is included in each of the regression models to correct for bias from the imputation. 7 We would like to thank Randy Becker, who created this dataset and graciously made it available to us for this project. The data is described in more detail in Becker (2001) . 8 We did test PM and SO2 non-attainment status separately (SO2 non-attainment was never significant), but we have too few cases of sulfur dioxide non-attainment to report the coefficients. 9 Census Bureau disclosure concerns limit our ability to present the exact numbers for our analysis sample, but for the full set of all paper industry facilities with 1985 NEDS data we observe actual measurements for only 6% of sulfur dioxide emissions and 19% of particulate emissions. the time period. We measure the emissions of each pollutant, PMEMIT and SO2EMIT, in tons per year and then aggregate them together into TOTEMIT, weighting them using a measure of the relative health damages for the two pollutants (based on Shadbegian, et. al (2000) , one ton of PM emissions = 2.45 tons of SO2 emissions), since we are interested in comparing the aggregate benefits and costs of pollution abatement capital. In the actual analyses, we express the emissions numbers in intensity terms, as tons of emissions per thousand dollars of output. Table 1 presents summary statistics and variable descriptions for all the variables included in the analysis. Examining the dependent variables, we see that the greater weight placed on emissions of particulates (2.45:1) is more than offset by the greater mean emissions of sulfur dioxide (520:3200), so SO2 emissions account for about 70% of the total value of EMIT. Each of the emission variables shows substantial variability across observations, with the mean being exceeded by the standard deviation in each case.
RESULTS
The air pollution abatement capital stock at a typical plant is substantial, approximately 8% of the productive capital stock at the plant: $4.17 million out of $53.8 million. The average value of the total pollution abatement capital stock is $7.9 million, so air pollution abatement requires over half of the plant's abatement capital. Pollution abatement operating costs represent about 2% of total costs, with the majority of those costs going to abating water pollution: about twice as large as air pollution costs.
Of the plants in our sample, about one-third are located in counties that are in nonattainment for either particulates or sulfur dioxide. Slightly over half of our sample are pulping mills. Many of the plants are quite old, with an average plant's paper machines dating back to 1946 (39 years before 1985). More than half of the plants are owned by firms with a large paper industry component as measured by MULTIPLANT (10 or more pulp and paper mills owned by the firm).
Turning first to the results in Table 2 , we see that plants which incorporate a pulping process generate significantly more air pollution per unit of output, with a stronger impact on particulates than on sulfur dioxide. More capital-intensive plants show somewhat greater emissions although the impact is only significant (marginally) for sulfur dioxide. We find no evidence for economies of scale in pollution control: if anything, we find more emissions per unit of output (for sulfur dioxide) at larger plants. The characteristics of a plant's production technology (age or speed of paper machines) are not significant, although they have slightly more impact on sulfur dioxide emissions and the signs are generally consistent with our expectations: plants with newer and faster paper machines emit less pollution. Being part of a firm that owns many paper mills also has an insignificant negative effect, though again having a bit more impact on sulfur dioxide emissions.
We now turn to our key abatement-related variable in Table 2 , LAIRCAP (log of AIRCAP). Plants with larger stocks of air pollution abatement capital (all else equal) have lower emissions. We find that a 10% increase in AIRCAP reduces particulate emissions by 5.0% (model 2B), sulfur dioxide emissions by 6.4% (model 2D), and total emissions by 5.8% (model 2F), although the particulate coefficient is insignificant. All values are expressed in 1972 dollars, using the paper industry (SIC 2621) price deflator from Bartelsman and Gray (1996) . Table 3 adds a measure of plant-level productivity (TFP) to the regressions, to see whether more productive plants are more or less polluting. The other variables have similar impacts to those noted in Table 2 . Overall, it appears that high productivity plants are less polluting, particularly for sulfur dioxide and total emissions. This suggests that the two types of efficiency (productive and pollution abatement) are complements rather than substitutes. Since the TFP productivity index is measured in percentage terms, a 10% higher productivity level at a plant is associated with 2.5% lower total emissions (in Model 3F). Table 4 adds measures of the regulatory pressures faced by plants. Plants in nonattainment areas show significantly lower emissions of particulates per unit of output, with little or no impact of non-attainment on sulfur dioxide emissions (recall that most cases of nonattainment in our data refer to particulates). The coefficients on LVOTE are never significant, although they have the expected negative sign. It should be noted that these regressions already include controls for the plant's air pollution abatement capital stock, so the impact of these stringency measures represents an additional reduction in emissions, after accounting for any increased pollution abatement capital required by plants in non-attainment areas.
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Now, let us return to our results for pollution abatement capital stocks, in an effort to compare the benefits and costs of pollution abatement. Consider the coefficient in Model 4F on air pollution abatement capital stock, -0.685. This indicates that a plant with a 10 percent larger air pollution abatement capital stock, all else equal, would have 6.85 percent lower emissions. Does this make pollution abatement capital a worthwhile investment (from society's point of view)? At the mean level of AIRCAP in our data, a 10 percent increase in pollution abatement capital would cost about $417,000. This would achieve a 6.85 percent reduction in annual aggregate air pollution emissions, about 307 tons. We can compare these benefits and costs, using information from Shadbegian, et. al. (2000) which includes a calculation of the health benefits per ton of reduced emissions which translates into $1013 benefits per ton in these terms.
11 Thus a $417,000 investment yields annual benefits of $310,000, about a 75 percent annual rate of return on the investment.
This may seem like an excessively high rate of return, but it is based on estimated health effects used by EPA in their calculations. Exposure to airborne particulates is linked to mortality, and this turns out to be by far the largest source of dollar benefits from pollution abatement. For example, a recent EPA study (US EPA 1997) finds that particulate-based reductions in mortality contributed more than $20 trillion of benefits (aggregating benefits over many years). This was nearly all of the estimated $22.2 trillion of all categories of benefits from reductions in all air pollutants. Shadbegian, et. al. (2000) examine abatement operating costs and find the benefits from air pollution abatement greatly exceeding its costs while water pollution abatement benefits and costs are similar in magnitude. Table 5 adds air pollution abatement operating costs (AIRPAOC) to the analysis. Unlike the plant's pollution abatement capital stock, the value of which is accumulated over many years, operating costs are completely determined in the current year, so are potentially endogenous if current emissions levels influence current abatement spending. We control for this potential endogeneity by using lagged AIRPAOC as an instrument to predict AIRPAOC and using this predicted value in place of the actual value in the second stage.
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Unlike the results we found earlier for pollution abatement capital, pollution abatement operating costs do not seem to be associated with reduced emissions. We find unexpectedly positive, though insignificant, signs on operating costs, especially when both operating and capital costs are included in the regression. On the other hand, the coefficient on the abatement capital stock variable gets more negative when operating costs are included. This suggests that emissions reductions in 1985 were primarily achieved by installing better abatement control equipment, or perhaps that plants with higher pollution abatement operating costs were not using their resources efficiently. We tested a variety of models that included abatement operating costs, with similar results to those presented in Table 5 -not significant, but often positive.
A final approach to examining the determinants of environmental performance is shown in Table 6 . Here we estimate the seemingly unrelated regression model from Equation 2. This allows for correlations among the unexplained variation in the two emissions measures and plant-level productivity. We find a negative correlation between the TFP residual and the two emissions residuals, reinforcing our earlier conclusion that productive and abatement efficiency are complements rather than substitutes (see Table 6 panel B). We also find positive correlations between the residuals from the emission equations, indicating that plants which perform well on one pollutant also perform well on the other. These correlations across equations are statistically significant. The individual coefficients estimated in the SUR equations are similar to those found earlier. Plants with more abatement capital have lower emissions of both pollutants, while pulping mills emit more of both pollutants. Mills in non-attainment areas emit less particulates, while smaller, less capital-intensive mills emit less sulfur dioxide.
We tested alternative specifications of the seemingly unrelated regression model not presented here (but available on request), including: using more of the explanatory variables from the emissions equation in the productivity equation; doing the SUR estimation with only two equations, TFP and TOTEMIT; and using a predicted value for LPAOC (based on lagged values of LPAOC). The results are similar to those found here. We always find a negative correlation between the residuals from the emissions and productivity regressions, indicating that plants which are more efficient in production are also more efficient in pollution abatement. These results are consistent with the idea that plants which use their inputs more efficiently also produce less waste, making it easier for them to achieve better environmental performance. 
CONCLUSIONS
We have examined the determinants of environmental performance at U.S. pulp and paper mills, as measured by their air pollution emissions per unit of output in 1985. Significant determinants include the plant's pollution abatement capital stock and productive efficiency. In our basic regression analysis, we find that aggregate emissions (a weighted average of particulates and sulfur dioxide) are significantly lower in plants with a larger air pollution abatement capital stock: 10 percent more abatement capital stock is associated with 6.9 percent less emissions. Translating these impacts into dollars suggests a sizable social return on abatement investments: one dollar of abatement capital stock provides an annual return of about 75 cents in pollution reduction benefits. These large benefits are directly connected to the large estimated mortality impacts of particulates -more modest estimates of health effects would yield a smaller social rate of return.
More productive plants also have lower emissions per unit of output, with a 10 percent higher productivity level being associated with 2.5 percent lower emissions. This indicates that productive efficiency and pollution abatement efficiency are complements, with better managers being better at both production and abatement (rather than substitutes, with managers concentrating on productive efficiency at the expense of their abatement performance). The residual correlations in our seemingly unrelated regression analysis confirm these results: plants with surprisingly high productivity have surprisingly low emissions for both particulates and sulfur dioxide. In addition, plants with surprisingly high levels of emissions for one pollutant tend to have high emissions for the other.
Plants facing more stringent local regulations, as indicated by being in a non-attainment county, have lower particulate emissions, though a state-level measure of stringency is not significant. One puzzle among our results is the insignificant, but positive coefficient on air pollution abatement operating costs. Including operating costs in the model increases the emissions reductions attributed to abatement capital, but the positive sign on operating costs is still surprising.
We plan future research in this area, broadening the scope of pollution data included in the models. Expanding the data into the 1990s will enable us to include more recent air pollution emissions data, which provides more within-plant variation in emissions levels. This will also enable us to add data on water pollution discharges (which are directly measured on a monthly basis), and compare a plant's performance across different pollution media. Using panel data analyses could control for unmeasured heterogeneity across plants, and may help shed light on our unusual operating cost results.
